Neutrino-induced reactions on 16 O are investigated by shell-model calculaions with new shellmodel Hamiltonians, which can describe well the structure of p-shell and p-sd shell nuclei. Distribution of the spin-dipole strengths in 16 O, which give major contributions to the ν-16 O reaction cross sections, is studied with the new Hamiltonians. Muon-capture reaction rates on 16 O are also studied to discuss the quenching of the axial-vector coupling in nuclear medium. Charged-current and neutral-current reaction cross sections are evaluated in various particle and γ emission channels as well as the total ones at neutrino energies up to E ν ≈ 100 MeV. Branching ratios for the various channels are obtained by the Hauser-Feshbach statistical model calculations, and partial cross sections for single-and multi-particle emission channels are evaluated. The cross sections updated are compared with previous continuum random phase approximation (CRPA) calculations. Effects of multi-particle emission channels on nucleosynthesis in core-collapse supernova (SN) explosions are investigated. Inclusion of αp emission channels is found to lead to an enhancement of production yields of 11 B and 11 C through 16 O (ν, ν' αp) 11 B and 16 O (ν, e − αp) 11 C reactions, respectively.
I. INTRODUCTION
pf -shell, respectively, while the monopole-based universal interaction [2] is used to obtain the sd-pf cross shell matrix elements. The GT strength in 40 Ar obtained in (p, n) reaction [13] is reproduced rather well by the shell-model calculations [14] . The GT strength is found to be large compared with a previous shell-model estimation [15] . The cross section for 40 Ar is enhanced at E ν < 50 MeV, where the GT transitions are dominant. Besides 1 + and 0 + transitions, cross sections are evaluated with random-phase approximation (RPA). The contributions from multipoles with 0 − , 1 − and 2 − become important at E ν > 50 MeV. The cross section by the hybrid model is enhanced by about 20-40% compared to that obtained by RPA [16] at lower energies, E ν < 40 MeV.
Here, we study ν-induced reactions on 16 O, which is the content of water target and is expected to be promising for SN neutrino detection [17] . In sect. 2, we investigate spin-dipole transition strengths in 16 O based on new shell-model Hamiltonians, and discuss quenching of the axial-vector coupling of weak hadronic interaction in nuclear medium by studying muoncapture reaction on 16 O. In sect. 3, charged-and neutral-current reaction cross sections are evaluated by shell-model calculations. Total and partial cross sections for various particle and gamma emission channels are obtained and compared with previous calculations [17] .
In sect. 4, we discuss nucleosynthesis of 11 B and 11 C produced by emissions of α and proton from 16 O in SN explosions. Summary is given in sect. 5.
II. SPIN-DIPOLE STRENGTHS IN 16 O
The shell-model Hamiltonian for p-shell, SFO, has been successfully applied to the GT transitions in 12 C. The tensor components are properly improved in the p-shell part of SFO by enhancing the monopole terms in the spin-isospin flip channel. In case of 16 O, the GT transition gives only a minor contribution as 16 O is an LS-closed shell nucleus. Dominant contributions come from spin-dipole (SD) transitions, where p-shell nucleons are excited into sd-shell. Thus, the p-sd cross shell interaction plays an important role. The p-sd shell cross shell part of SFO is a phenomenological Millener-Kurath interaction [18] . It is important to update the p-sd cross shell part of the Hamiltonian with proper inclusion of the tensor interaction. Here, we use a modified version of SFO, in which the tensor and two-body spin-orbit components of the p-sd cross shell matrix elements are replaced by those of π+ρ meson exchanges and σ+ω+ρ meson exchanges [19] , respectively. The modified Hamiltonian, referred as SFO-tls [20] , has been found to describe well the structure of neutron-rich carbon isotopes [20, 21] .
Spin-dipole strengths with λ π are defined as
where J i is the spin of the initial state and t − | n > =| p > and t + | p > =| n >. Calculated spin-dipole strengths for Fig. 1(b) .
Sum rule values of the SD strength in 16 O are given by using the harmonic oscillator wave functions to be [23] , The energy-weghted sum (EWS) of the spin-dipole operator Eq. (1) defined by
is used to obtain
The EWS rule value for the kinetic energy term (K) for H =
with m the nucleon mass is given as [24] EW S
where f λ = 2, 1 and -1 for λ π = 0 − , 1 − and 2 − , respectively. For LS-closed nuclei, the last term in Eq. (5) vanishes. The EWS rule value for the one-body spin-orbit potential (LS),
where
LS is reduced by the spin-orbit potential. For an LS-closed 16 . Magnetic moments of p-shell nuclei are found to be systematically well reproduced with the use of this quenching factor for the isovector spin g-factor [3] . In case of the SFO-tls, almost the same quenching factor, f=0.96, is obtained to reproduce the GT strength in 12 C. Here, we study muon-capture on 16 O to obtain information on the quenching factor in the spin-dipole transitions.
The muon capture rate for 16 O (µ, ν µ ) 16 N from the 1s Bohr atomic orbit is given as [26] ω µ = 2G
where G =G F cos θ C is the weak coupling constant with G F the Fermi constant, θ C is the Cabibbo angle, ν is the neutrino energy, M T is the target mass, and
where m µ the muon mass, α the fine-structure constant, Z =8 and R is a reduction factor to take into account the finite nuclear size effect. A value of R =0.79 is adopted for 16 The pseudoscalar form factor obtained from pion-pole dominance of the induced pseudoscalar coupling and the Goldberger-Treiman relation is used;
where M N the nucleon mass, m π the pion mass, q 2 µ the four-momentum transfer, and F A is the axial-vector form factor of nucleon with F A (0) = -1.26. Dominant contributions come from a region at q [27] within 10%. We thus find that nearly the same quenching factor f ≈0.95 as in the GT transitions can be used also for the spin-dipole transitions within 10% accuracy for the strength. The quenching factor close to 1 has been also reported to be favorable for CRPA in Ref. [28] .
III. NEUTRINO-INDUCED REACTION CROSS SECTIONS ON 16 O A. Total cross sections
Neutrino-induced reaction cross sections are evaluated by using the multipole expansion of the weak hadronic currents,
for charged-current reactions (ν, e − ) and (ν, e + ), and
for neutral-current reactions, (ν, ν') and (ν,ν'), where J [17] are shown in Fig.   2 (a) as function of neutrino energy E ν . The quenching factor for the axial-vector coupling constant is taken to be g ef f A /g A =0.95 for SFO-tls and SFO [3] . Calculated cross sections are summarized in Table I . The cross section for the SFO-tls is found to be enhanced compared with the CRPA at E ν < 80 MeV, and more than 50% at E ν ≤ 30 MeV, while it becomes smaller than the CRPA at E ν > 90 MeV. The cross section for the SFO is close to the CRPA at E ν =30-80 MeV. The enhancement of the cross section for the SFO-tls can be attributed to the shift of the SD strength to lower excitation energy region compared to the SFO and CRPA. The cross sections for the SFO-tls and SFO are reduced compared to the CRPA at high E ν as the CRPA calculations can take into account excited states wth higher excitation energies than the shell-model calculations of the present p-sd shell configurations. The cross sections averaged over neutrino spectra of Fermi distributions with temperature T with zerochemical potential are given in Table II Fig. 2 . Averaged values of (ν, ν') and (ν,ν') cross sections are shown for the neutral-current reaction. The elastic coherent scattering is not included. Numerical values are given in Table I . The cross sections folded over the neutrino spectra of Fermi distributions are given in 
MeV. These behaviors reflect the SD strengths shown in Fig. 1(a) ; large low-lying B. Cross sections for particle and γ emission channels
Partial cross sections for various particle and γ emission channels are evaluated by calculating the branching ratios from each excited level by the Hauser-Feshbach statistical model [29] . Single-and multi-particle decay channels involving neutron, proton, deutron, α, 3 He, 3 H and γ are considered. All the levels obtained in the present shell-model calculations are adopted as levels in the decaying and daughter nuclei with specific isospin assignments. The particle transmission coefficients are calculated by the optical model [30, 31] . Isospin is con- 3 He (and dp, ppn), α, α n, α p, and γ are shown.
In case of (ν, ν') reaction, the cross sections for the single proton (neutron) emission are 
IV. NUCLEOSYNTHESIS OF 11 B AND 11 C IN SN EXPLOSIONS
In sect. 3, partial cross sections in various single-and multi-particle emission channels in ν- 16 O reactions are evaluated with the SFO-tls. Here, we study effects of the multiparticle emission channels in nucleosynthesis of light elements in core-collapse SN explosions. We calculate the nucleosynthesis of SN explosions of M =15 and 20 M ⊙ solar-metallicity stars. The stellar evolution of these stars is calculated in the same manner of [33] . The 1D spherical SN explosions with the explosion energy of 1 × 10 51 erg is calculated for 100 s using a piecewise parabolic method code as in [34] . Then, we calculate the explosive nucleosynthesis during the SN explosions by post-processing with the neutrino process. The adopted nuclei in the nuclear reaction network is as follows: In order to clarify the effect of the new cross section and branches of the ν- 16 O reactions, we consider three cases of the nucleosynthesis calculations. In case 1, only single n, p, α and γ emission channels are considered with previous HW92 cross sections [7] . New cross sections for 4 He and 12 C in Ref. [6] are also used. In case 2, the present new cross sections obtained with the SFO-tls are used, but with only single particle and γ emission channels.
In case 3, the multi-particle branches are included with the present new cross sections for 16 O.
The production yields of 11 B as well as 11 C are estimated with the inclusion of the 16 O (ν, ν ′ αp) 11 B and 16 O (ν e , e − αp) 11 C reactions for the SN explosion modes. Calculated production yields are given in Table IX . We see from Table IX that the production yields of the sum of 11 B and 11 C are enhanced by about 10% when the multi-particle channels are included. MeV. These multi-particle emission channels lead to an enhancement of 11 C in the O/Ne layer. As 11 B is destroyed by 11 B (p, αα) 4 He reaction in the O/Ne layer, 11 C is more produced than 11 B in the O/Ne layer. Production yields of light elements, 6 Li, 7 Li, 7 Be, 9 Be and 10 B, in the core-collapse SN explosions are also given in Table X, 10% with the use of the quenching factor f=0.95, which is used in the present calculations.
Mass fraction distributions of
Total as well as partial cross sections to various single-and multi-particle emission channels are evaluated by using the branching ratios obtained by Hauser-Feshbach statistical model. In the present calculation, the isospin conservation is fully taken into account.
The total (ν, e − ) cross section, partial cross sections for α emission channels, especially the αp emission channel, in (ν, e − ) and (ν, ν') reactions are found to be enhanced compared with the standard CRPA calculations. Effects of the inclusion of various multi-particle emission channels on nucleosynthesis of light elements in core-collapse SN explosions are 
